The biochemical and genetical diversity of the subtilisin-like cell envelope proteinase (CEP) among Lactococcus lactis strains was investigated. The specificities of the proteinases of 16 strains toward the important cheese peptide oc1-casein fragment 1 to 23 and toward two differently charged chromophoric peptides have been determined. On the basis of the results, these strains could be classified into seven groups. The contribution to the specificity of specific residues in the large C-terminal segment, which differentiates this proteinase from most other members of the subtilisin family, was established with hybrid proteinases, even in the case of the small substrates. These remote residues and the subtilisin-like substrate-binding region are therefore assumed to be spatially close to each other and together constitute most of the binding region of CEP. DNA sequence analysis of fragments of the gene (prtP) encoding segments of the proteinase which contain the relevant residues of the substrate-binding region shows that among the strains studied, this binding region is the most negatively charged in the CEP group represented by strain HP and the most positively charged in the CEP group represented by strains AM1 and SK1l. Consequently, these two proteinase groups show the most divergent specificities. Each of the proteinases of the other groups shows a different intermediate specificity which in part is the reflection of an intermediate charge in the binding region. However, the results suggest that amino acid residues outside the segments known to be part of the CEP-binding region also contribute to specificity. We propose a new nomenclature of CEPs which is based on their defined specificities toward the o%1-casein fragment 1 to 23 and on their origins.
o%1-casein fragment 1 to 23 and on their origins.
Lactococcus lactis produces a cell envelope-located serine proteinase (CEP) which, during growth in milk, is pivotal in the process of supplying the cell with essential amino acids and nitrogen (18, 27) . During cheese ripening, its action is essential for amino acid production and cheese flavor development (5, 28) .
The CEPs of a number of L. lactis strains have been characterized biochemically (4, 29) and have been shown to be immunologically related (14) . Two major proteinase types have been distinguished on the basis of preliminary biochemical characteristics (4) and on the basis of their cleavage specificities with respect to the caseins (29) . Representatives of these major types have been purified and characterized from L. lactis subsp. cremoris HP (PI-type proteinase) and AM1 (PI,,-type proteinase) (11, 12) .
Recently, the ability of the PI-type proteinase, unlike the PIII type, to cleave a positively charged chromophoric peptide (methoxysuccinyl-arginyl-prolyl-tyrosyl-p-nitroanilide [MS-Arg]) efficiently at low ionic strength was attributed to the presence of a cation-binding site in its substratebinding region (6) . This suggestion was supported when the amino acid sequences of the substrate-binding region of the proteinases of strain Wg2 (showing PI characteristics) and strain SK1l (PI,, type) were compared in a three-dimensional model (9) . Complete amino acid sequences of these proteinases have been deduced from the nucleotide sequences of their genes, which encode a large preproenzyme of more than 1,900 residues (16, 32) . The N-terminal segment (+ 500 * Corresponding author. residues) of the processed, mature proteinase shows significant sequence similarity to the serine proteinases of the subtilisin family (32) . This similarity is highest with respect to residues around the catalytic triad and in the substratebinding region. An important difference from most other members of the subtilisin family is the presence of a large, additional C-terminal extension of more than 1,200 residues which ends in a transmembrane anchor. An amino acid sequence identity of 98% was established between the proteinases of strains Wg2 and SK11. Five of the 44 substitutions are located in parts of the N-terminal segment of 173 amino acid residues of the proteinase which, on the basis of a significant sequence similarity with the subtilisin family, have been predicted to be involved in substrate binding (26, 32) . Protein engineering studies employing hybrid Wg2-SK11 proteinases identified this N-terminal segment as one of two segments that significantly affect casein cleavage specificity (31) . The second one is the large C-terminal extension in which a small segment (containing residues 747 to 748 and hereafter designated the remote segment) was identified as the relevant part. A model of the catalytic site and substrate-binding region of the lactococcal proteinase, predicted on the basis of its close similarity with subtilisin (9), shows that a negatively charged residue in the binding region of the Wg2 proteinase (Asp-166, the putative cationbinding site) is replaced by the uncharged residue Asn in the SK11 proteinase. Moreover, the replacement of Thr-138 in Wg2 proteinase by Lys in the SK11 proteinase has been suggested to add to the low affinity of the latter proteinase for the above-mentioned, positively charged chromophoric peptide because of charge repulsion (9) .
In a comparative study of the specificities of both proteinase types toward fragment 1 to 23 of ac1-casein [aoi-CN (fl-23)], it has been observed that the charge N terminal to the cleaved bond is a determinant in substrate binding and therefore that long-range electrostatic forces play an important role in the selection of peptide bonds to be cleaved (7, 9) . With respect to the bonds cleaved in ao1-CN(fl-23), binding in itself is either mainly electrostatic or (also) hydrophobic. Salt and pH both drastically alter the preference for bonds in aot1-CN(fl-23), which can even result in a totally changed specificity (7).
Other natural proteinase variants with intermediate PI and PI,, type or perhaps different specificities might be expected to occur among lactococci because of substitutions of essential residues of the enzyme which are involved in substrate binding. The above-mentioned shifts in specificity toward asl-CN(fl-23) induced by pH or salt indicate that this peptide is an ideal substrate to reveal these differences in specificity. We therefore decided to compare proteinases from various strains, most of which were the subject of an earlier comparative study (29) , in their action on aoi-CN(fl- 23) .
Moreover, we selected chromophoric substrates which could be used to obtain additional information about the diversity of lactococcal CEPs. In addition, we assessed the importance of the remote segment for cleavage of these small substrates. In a number of selected proteinases, the differences in specificities are related to amino acid substitutions in the subtilisin-like substrate-binding region and this remote binding segment. Two recombinant L. lactis MG1363 strains containing plasmid-located hybrid proteinase genes (ABcD and abCd) constructed from the SK11 (ABCD) and Wg2 (abcd) wildtype proteinases (32) were from NIZO (W. M. de Vos) and the Department of Genetics, University of Groningen (J. Kok), respectively. These hybrid genes contain an interchanged fragment C (c) (amino acid residues 497 to 1089) with nine substitutions, of which two (i.e., Arg-747 for Leu and Lys-748 for Thr) are associated with the specificity difference between the two wild-type proteinases toward caseins (31) .
MATERIALS AND METHODS
Isolation of CEP. Crude proteinase fractions were prepared by repeated extraction of milk-grown cells in a Ca`-free buffer (10) . The proteinases from strain HP (PI type) and strain AM1 (PI,, type) were further purified as described previously (11, 12) . Purified proteinase preparations from all other strains were obtained by gel permeation high-performance liquid chromatography (HPLC) using a precolumn SW (7.5 by 75 mm), a G4000 SW (7.5 by 300 mm) column, (10) .
Substrates. aai1-CN(fl-23) was prepared and purified according to the method described previously (7) . The chromophoric substrate MS-Arg (S2586) was purchased from Kabi Diagnostica (Stockholm, Sweden). The substrates of the type succinyl-alanyl-X-prolyl-phenylalanyl-p-nitroanilide (S-X) were obtained from Bachem AG (Dubendorf, Switzerland). The residue X in the P3 position (nomenclature according to Schechter and Berger [25] ) is Gly, Ala, His, Leu, Phe, Ile, Trp, Gln, Lys, or Glu.
Enzymic hydrolysis. Initial activities toward the chromophoric substrates (1 mM) were measured in 50 mM NaH2PO4 buffer (pH 6.8) with or without 1.2 M NaCl at 25°C by monitoring the release ofp-nitroaniline at 410 nm with a Uvikon 810 spectrophotometer with a thermostatically controlled cell compartment (Kontron, Zurich, Switzerland) (6) . Enzymic hydrolysis of the substrate aoi-CN(fl-23) (final concentration, 4 mg. ml-) with each of the proteinases was performed in 25 mM imidazole-HCl buffer (pH 6.5) at 30°C. The incubation mixtures contained levels of proteinase activity at which the conversion of the substrate could be monitored conveniently. In the case of the E8 proteinase, significantly less activity was used, since the yield of proteinase from this strain was very low (10) . At several time intervals, aliquots (20 ,ul) were withdrawn from the incubation mixture, heated in small, sealed tubes at 80°C for 5 min, cooled on ice, and then diluted fourfold with solvent A (acetonitrile-water-trifluoroacetic acid [100:900:1 by volume]). A 20-pl sample was injected for analytical reversephase HPLC. For further details, see Exterkate et al. (9) .
PCR amplification and nucleotide sequence analysis. The L. lactis strains were grown in lactose-M17 broth (E. Merck AG, Darmstadt, Germany). Plasmid DNA was isolated as described previously (3) . Primers used for polymerase chain reaction (PCR) amplification of segments of the coding region of the prtP gene are listed in Table 1 . PCR amplifications were performed as described previously (17) formed by the dideoxy chain termination method (24) with the PCR primers.
RESULTS
Comparison of proteinase specificities toward ac1-CN(fl-23). replicate experiments with the same proteinase. During the course of the reactions-until complete conversion of the peptide-the relative amounts of the cleavage products do not change significantly, indicating that secondary conversion involving initial products does not occur at an important rate. The strains are divided into seven groups (groups a to g) according to the extent of similarity of these patterns (Fig.  2) . The groups show striking differences with respect to the cleavage products formed and/or with respect to the ratio of these products. Apart from the two extreme proteinases, PI (HP) proteinase (group g) and PI,, (US3) proteinase (7), the presence of salt stimulated the cleavage of bonds 8-9 and 9-10. Bonds 16-17, 13-14, 9-10, and 8-9 were preferred by the bound NCDO 763 enzyme. Similar results were obtained with the UC317 proteinase (data not shown).
Comparison of proteinase specificities toward small chromophoric substrates. The activities of the PI (HP) and PI,, (AM1) proteinases toward the substrates S-X, which differ in the amino acid residue X in the P3 position, are listed in Table 2 and compared with the activities of both proteinases measured with the substrate MS-Arg. In all cases, the activity of PI proteinase is lower and that of PIII proteinase is higher toward the S-X substrates than the respective activities toward MS-Arg. At a PI/PI,, activity ratio of approximately 10 in the case of MS-Arg as the substrate, the ratios obtained with each of these S-X substrates vary from 0.64 with S-Lys to less than 2 x 10-3 with S-Glu. In general, PIII proteinase activity increases with the hydrophobicity of the P3 side chain, with the exception of S-Leu, S-Gln, and S-Glu; the lowest activity was measured toward S-Lys, which, like MS-Arg, has a positive charge on P3. PI has the lowest activity toward S-Glu. As has been shown previously (6) is in the C-terminal extension of the proteinase which has no counterpart in the subtilisins. Consequently, it is not part of the subtilisin-like-binding region.
To assess whether this remote segment also affects the activity and specificity toward substrates smaller than casein, we compared the wild-type proteinases of strains SK1l (ABCD) and Wg2 (abcd) with hybrid proteinases in which fragments C and c containing this segment were exchanged (viz., ABcD and abCd) in their actions toward otl-CN(fl-23) (Fig. 3) and the chromophoric substrates ( Table 3) . The results presented are representative of replicate trials.
The most striking differences with respect to the hybrid abCd proteinase compared with the wild-type abcd proteinase are the decreased relative rates of cleavage of bonds 8-9, 9-10, 13-14, and 16-17 in favor of bonds 21-22 and [17] [18] and the occurrence of a new product (Fig. 3, arrow) .
This hybrid most resembles the group d proteinases. This resemblance is also suggested by its relative cleavage rates of the chromophoric peptides (Table 3 ). Hybrid proteinase ABcD showed an increased preference for bond 16-17 and therefore is distinct from the wild-type ABCD and all other proteinases. Also with respect to its relative activity toward the chromophoric peptides, this hybrid cannot be classified in one of the groups a to g. It showed a decreased relative activity toward S-Glu and a slightly increased relative activity toward MS-Arg compared with those of wild-type ABCD proteinase. Comparison of amino acid sequences in the substratebinding region. The prtP genes of L. lactis subsp. cremoris AM2, E8, FD27, and HP were subjected to PCR amplification with primers based on the nucleotide sequence of the SK11 prtP gene. Two DNA fragments of 561 and 207 bp were isolated and subjected to sequence analysis. The amino acid sequences 113 to 195 and 726 to 773 (numbering according to the SK11 proteinase sequence) were derived; they contain parts of the subtilisin-like-binding region of the proteinase and the region containing the remote segment that have now been shown to contribute to the cleavage specificity toward small substrates as well as to caseins. These amino acid sequences were compared with those of published sequences of proteinases of lactococcal strains SK11, WG2, and NCDO 763, and the differences are listed in Table   4 . Each of these strains represents one of the seven groups as presented in Fig. 2 . Interestingly, each of the representative proteinases has its own characteristic substitutions. The most striking feature of this comparison is the presence of a positive charge on residue 138 in the subtilisin-like region of the SK11 proteinase exclusively and the presence of a negative charge on residue 142 in the HP proteinase exclusively. Furthermore, in contrast to the SK11 enzyme, the HP proteinase and all other proteinases show a negative charge on residue 166. Additional conservative amino acid substitutions are found at positions 131 (Ser for Thr), 144 (Val for Leu), and 177 (Leu for Ile).
As far as the C terminally located remote segment is concerned, the proteinases of SK11, AM2, E8, and NCDO 763 show two successive residues (747 and 748), each with a (19, 20, 29 
DISCUSSION
The results of this comparative study show that CEPs with specificities deviating from those of the PI-type (HP) and the PIII-type (AM1) proteinases occur among members of the species L. lactis. The amino acid sequences of the whole polypeptide chain (15, 16, 32) or of relevant parts thereof (19 and the present work) have now been established for the proteinases from different lactococcal strains. These proteinases differ in amino acid residues in small segments which have been predicted, on the basis of a close sequence similarity with the subtilisins, to be involved in substrate binding (32) , or they differ in a small remote segment in which two simultaneous mutations, both involving a change in charge, viz., Arg-747 for Leu and Lys-748 for Thr, have been shown to significantly affect casein degradation (31) .
The present results demonstrate that these last two substitutions influence the binding not only of large substrates like the caseins but also of a.i-CN(fl-23) and even of small chromophoric peptides. This is clearly demonstrated by the differences in cleavage of these peptides between the wildtype Wg2 (abcd) proteinase and its derived hybrid abCd and between the wild-type SK11 (ABCD) proteinase and its derived hybrid ABcD. Therefore, we conclude that the remote segment is oriented toward the substrate-binding region in such a way that residues 747 and 748 are close enough to exert, if positively charged and possibly together with Lys-138, at least a long-range electrostatic force on (parts of) the substrate and thus contribute to the specificity demonstrated by the group a proteinases. This specificity is characterized by cleavages only in the C-terminal, negatively charged half of as1-CN(fl-23). In conclusion, the present results indicate that the observed differences in specificity among naturally occurring CEPs of lactococci can be largely but not exclusively traced back to amino acid substitutions which are associated with changes in charge in the predicted subtilisin-like-binding region and in a small remote segment. This suggests that the CEP-binding region is even more complex than previously suggested. In general, it could be that, apart from the assumed vicinity of this remote segment, the proximity to the subtilisin-likebinding region of other residues, particularly in domains which have no counterpart in subtilisin, may very well influence the substrate-binding behavior of CEP. Alternatively, these domains could have some impact on the conformation of the enzyme and consequently on substrate cleavage specificity. Engineering experiments involving such domains are currently being performed and may elucidate the importance of (segments in) these domains for specificity.
